Motivated by realistic scattering processes of composite systems, we study the dynamics of a two-particle bound system which is scattered at a mirror. The physics of the scattering process will be discussed in the cases when only one particle interacts directly with the mirror and when both particles are scattered directly. It is shown that the coherence between the transmitted and the reflected wave-packet becomes reduced due to the scattering process. When both particles interact directly with the mirror, the system exhibits long-lived resonances. The results should be of interest for interference experiments with composite systems.
Introduction. The study of quantum interferences of macroscopic objects attracts increasing interest during the last years. Although it has been demonstrated that superpositions of molecules are possible [1, 2] , interferences of macroscopic objects are not yet accessible [3] . Experiments involving composite systems are of particular interest for the investigation of the quantum-toclassical transition [4, 5] , tests of collapse models [6] [7] [8] and the search for gravitational decoherence [9] [10] [11] [12] [13] [14] .
In order to prepare a spatial superposition of composite objects, a wave-packet has to be separated with a physical device into two (or more) components. In the following, we will refer to this device as "mirror" which separates an incoming wave-packet into a reflected and a transmitted component. During a scattering process of a composite object, it is likely that not all individual constituents interact directly with the mirror. For example, Rutherford-scattering affects only the protons of α-particles directly whereas the neutrons do not feel the Coulomb interaction. Nevertheless, the trajectory of the neutrons is also affected since they are tied to the protons via nuclear forces. Another example is an atom which interacts with a laser pulse: Only the dipole moment of the electron is affected by the electromagnetic field whereas the nucleus is not sensitive to the wavelength of the photons. Similarly, cold atoms in optical lattices interact only via the wave-function of the valence electrons with the laser field or lattice defects [15] . The scattering of a diatomic molecule by an impurity is an example for a scattering process where both constituents (the atoms) interact individually with a mirror.
A simple model which resembles the interaction of a free particle (without internal structure) and a mirror is defined by the Hamiltonian
where we assume that the potential has the formV (x) = V m δ(x). An incoming plane wave with momentum k will * queisser@physics.ubc.ca be partially transmitted and reflected, i.e.
where the amplitudes for transmission and reflection are determined by
and
Choosing k = V m we have |t| 2 = |r| 2 = 1/2 which mimics a half-silvered mirror. The system exhibits a resonance for V m > 0 and a bound state for V m < 0. However, since macroscopic objects are bound systems with internal structure, it is in general not appropriate to analyze only the scattering of an individual (center-ofmass) degree of freedom. In the following, we will show that the scattering of a system with internal degrees of freedom exhibits a far richer structure than the example mentioned above.
The model. Consider two particles with unit mass and coordinates x 1 and x 2 . Both particles are tied to each other by a binding potentialV b . which depends only on the difference of the particle positions, x rel = x 1 − x 2 . In general, we allow both particles to interact with a mirror. Therefore, we introduce the scattering potentials It is useful to formulate the problem in terms of the center-of-mass coordinatex cm =x 1 +x 2 and relative coordinatex rel =x 1 −x 2 . An arbitrary wave-packet is of the form
where the f n are the center-of-mass modes and the φ n fulfill eigenvalue equation
The choice of the binding potential determines how far the particles can separate from each other. When we choose a hard wall potential, the system is related to a two-dimensional waveguide, see Fig. 1 . Inserting the ansatz (6) into the time-dependent Schrödinger equation, multiplying with φ m (x rel ) and integrating over x rel leads to a set of coupled equations,
V nm is the effective potential which couples the mode functions f n . It can be expressed in terms of the eigenfunctions φ n of the binding potential,
We assume that the wave-packet is initially of the form
where the initial momentum of the center-of-mass coordinate is denoted with P and the spread of the wave packet with σ. For our purposes, the wave-packet is initially centered to the left of the mirror, x cm,0 → −∞, and follows a free evolution before it hits the mirror. The "internal" degree of freedom is assumed to be in the ground state φ 0 (x rel ). 
Top: Time-evolution for the entropy for harmonic coupled particles. The parameters were chosen such that half of the wave-packet is reflected and half of it is transmitted, P = 10, σ = 1/2, Ω = 20 and Vm = 11. Bottom: Centerof-mass energy Ecm = p Harmonic coupling. A simple binding potential is the harmonic couplingV b = Ω 2x2 rel with stiffness Ω. From the eigenvalue equation (7) we find that the energy levels of the internal degree of freedom are n = 2Ω(n + 1/2), The effective coupling potential V nm is determined by the eigenfunctions of the harmonic oscillator, and the initial momentum P are chosen such that half of the wave-packet is transmitted and half of it is reflected. Excited states become populated when the wave-packet contains modes with energies which are larger than the energy of the first excited state, that is P 2 > 1 . The scattering entangles the center-of-mass degree of freedom with the internal degree of freedom and the wave-packet will evolve from a product state to a general superposition of the form Ψ(t) = n f n (x cm , t)φ n (x rel ). The matrix elements of the reduced density matrix of the center-ofmass degree of freedom and the relative degree of freedom are defined as
, respectively. Since the composite system is in a pure state, the wave-packet can be characterized by the entanglemententropy, S = −tr(ρ cm lnρ cm ) = −tr(ρ rel lnρ rel ). The entropy changes only during the scattering process when the modes f n are mixed (Fig. 2) center-of-mass coordinate and the energy of the internal degree of freedom is different for the reflected and transmitted part of the wave-packet (Fig. 2) . The reflection implies a change of momentum from P to (approximately) −P , whereas the momentum changes only slightly for the transmitted wave-packet. As a consequence, the internal modes become populated differently (Fig. 3) . The internal excitations lead to partial decoherence of the center-of-mass coordinate, the coherences between the wave-packets on both sides of the mirror will be suppressed (Fig. 4) .
Resonances. Assume that particle 1 is reflected whereas particle 2 goes through the mirror. The binding potential V b pulls the particles together and forces particle 2 to change its direction such that it moves again to the mirror. This can happen several times such that the bound system gets stuck at the mirror for a finite time. The trapping of the wave-function at the mirror corresponds to the presence of resonances.
Resonances can be characterized as eigenvalues of the Hamiltonian which is subject to non-hermitian boundary conditions. A simple example for a resonances was given in the introduction: The scattering of a particle at a delta-function potential with positive prefactor V m exhibits a resonance for the wavenumber k res = −iV m . The corresponding wave-function is not in the Hermitian sector of the domain of the physical Hamiltonian and grows exponentially for large |x|, ψ ∼ e Vm|x| . In general, the complex eigenenergies of the Hamiltonian, E res , are as- The matrix elements which describe the interferences between reflected and transmitted part, ρcm(xcm > 0, x cm < 0) and ρcm(xcm < 0, x cm > 0), are approximately by a factor of 2 smaller than the matrix elements which describe the wavepacket on the left or right side of the mirror, ρcm(xcm < 0, x cm < 0) and ρcm(xcm > 0, x cm > 0).
sociated with the complex poles of the scattering matrix. They can be determined by imposing outgoing boundary conditions on the eigenfunctions of the time-independent Hamiltonian. Here we use the complex scaling method to determine the position of the resonances [16] [17] [18] [19] [20] : The transformation of the center-of-mass coordinate according to x cm → e iθ x cm , defines a non-hermitian analytic continuation of the Hamiltonian. When the angle θ is large enough, the analytical continuation of the resonant eigenfunction becomes square integrable and the complex energies E res appear as isolated points in the spectrum, see supplementary material for details.
When only one particle is subject to direct scattering, i.e. V the real axis and affect the dynamics only on very small time scales. We found empirically that the decay rate of the resonances is at least |Im(E res )| ∼ Ω. It becomes more interesting when both particles are scattered. We choose V 1 m = V 2 m > 0. From the sketch of the waveguide in Fig. 1 it is obvious what is happening in this situation: When particle 1 is reflected at x 1 = 0, it pulls back particle 2, then particle 2 is reflected at x 2 = 0 and particle 1 is pulled back. This process can happen several times until the wave-packet finally separates from the mirror. As a result, the wave-function is trapped in the "triangles" for a finite time. We find that the resonances are long-lived, that is Im(E res )
1, see Fig. 5 . In Fig. 6 we show how the wave-packet is partially transmitted and reflected, whereas a small part is trapped at the mirror. In Fig. 7 , we show how the wave-packet is partially trapped at the mirror. As can be seen from the lower plot, this happens also when most of the wave-packet is reflected [21] .
Conclusion. We have shown in a simple model, that the scattering of a simple bound system with internal structure may exhibit resonances which can affect the dynamics of the system. This could be of importance for interference experiments of composite systems, where internal degrees of freedom are excited by sending the rays of the superposition along different trajectories. In particular we studied the splitting of a wave-packet by a potential which mimics a partially silvered mirror. Depending on how the particles interact with the mirror, we found long-living and short-living resonances. When both particles interact with the mirror, it is possible that the composite system is trapped at the mirror for a finite time.
When the energy of the wave-packet is large enough, the scattering process excites internal states. From subsequent measurements of the internal modes it is possible to obtain partial which-path-information since the internal states of the reflected and the transmitted wavepacket are populated differently after the scattering. Acknowledgements. One of the authors (F. Q.) would like to thank R. Froese, M. Choptuik and F. Suzuki for helpful comments. This work is supported by the Templeton foundation (grant number JTF 36838) and NSERC.
Choosing η = e iθ , the coordinate is rotated into the complex plane. The Hamiltonian is transformed according tô
where we assumed that the potential can be analytically continued into the complex plane. When the system has no energy threshold, the energies of the continuum states are E cont = k 2 . The states themselves are combinations of ingoing and outgoing waves,
and will be transformed under complex scaling to
The only solutions which do not diverge have the wave vectors k = |k|e −iθ . Thus, the continuum energies are rotated into the complex plane according to E cont (θ) = E cont e −2iθ . Since we assumed that the system has no energy threshold, the branch point of the rotated continuum is the origin of the complex energy plane.
A resonant wavefunction with the asymptotics (15) and (16) becomes square-integrable when θ ≥ φ .
The corresponding eigenvalue E res of the analytical continued (non-hermitian) Hamiltonian H(θ) appears as isolated point in the spectrum when the condition (22) is satisfied. It can be shown that E res is locally independent of θ [19] although the corresponding transformed eigenfunction ψ kres (xe iθ ) varies with θ. For the analysis of the two-particle bound system, it is necessary to generalize the discussion. Due to the internal structure of the bound system, there are infinitely many coupled mode functions f n . Each function f n corresponds to an energy threshold n and has the asymptotic form f n,k (x → +∞) =A n,+ (k)e 
